Five outbreaks of infection (three pertussis, one parapertussis, and one mixed) in schools were studied prospectively. Nasopharyngeal swabs were obtained from a total of 697 children for culture of Bordetella organisms. Of 50 vaccinated children with culture-confirmed Bordetella infections (29 with pertussis and 21 parapertussis), 40 were symptomatic and 10 remained symptom-free. Smaller numbers of colonies were recovered from the nasopharyngeal swabs of the asymptomatic children than from those of the symptomatic children. Older children had longer durations of illness than younger ones. Our results indicate that during outbreaks children who do not develop disease may have small amounts of Bordetella organisms in their nasopharynges and/or better immune defenses against the disease.
MATERIALS AND METHODS
Pertussis vaccination was introduced in Finland in 1952. The vaccine is manufactured by the National Public Health Institute, Helsinki, Finland, and contains 5 ϫ 10 9 formalin-killed Bordetella pertussis organisms per dose in combination with diphtheria and tetanus toxoids. The vaccine is administered at 3, 4, 5, and 24 months of age, and in Finland the coverage rate for the four doses is 98% (7) . During a prospective cohort study of the prevalence of positive cultures and/or positive PCRs for B. pertussis and Bordetella parapertussis (8) , we found that Bordetella infections are common in Finland and that about one-third of these infections are caused by B. parapertussis. Moreover, the results obtained from the prospective study also suggested that pertussis vaccination may provide some protection against B. parapertussis (8) .
From 1992 through 1996, five outbreaks of infection (three pertussis, one parapertussis, and one mixed) in schools in southwestern Finland were studied prospectively ( Table 1) . Four outbreaks (outbreaks I, II, IV, and V) were described earlier (6, 9, 10, 16) . Nasopharyngeal swabs for culture of Bordetella organisms were obtained from a total of 697 children. For all children in schools involved in outbreaks I to IV, nasopharyngeal swabs were available for culture, and for 234 pupils in the school involved in outbreak V, 200 (84%) nasopharyngeal swabs were available for culture. A total of 51 children had positive cultures for Bordetella, and none of them was found to harbor both organisms in a specimen. A 9-year-old girl was culture positive for B. pertussis but was symptomfree at the time of sampling. She developed a cough 4 days after the sampling, and data for this girl were thus excluded from the following analysis.
Fifty children (24 boys and 26 girls; median age, 12 years; age range, 7 to 16 years) had culture-confirmed Bordetella infections; 29 had pertussis and 21 had parapertussis. Forty-six had received four doses and four had received three doses of the Finnish diphtheria-tetanus-pertussis vaccine. During the follow-up, three pertussis and seven parapertussis patients were asymptomatic. The median age of the 10 asymptomatic patients was 10.5 years (age range, 7 to 16 years). Of the 26 symptomatic pertussis patients, 23 had paroxysmal cough, 3 had vomiting, and 1 had whooping; of the 14 symptomatic parapertussis patients, 13 had paroxysmal cough but none had vomiting or whooping. The median age of the 40 symptomatic patients was 11.5 years (age range, 7 to 16 years). At the time of sampling, the median duration of cough in 40 patients with symptomatic infections was 8 days (range, 0 to 30 days). No prophylactic antibiotics were given to these study subjects. After the infection was confirmed by culture, all subjects were treated with erythromycin. Hospitalization was not needed for any subject.
Detailed clinical information on each subject was obtained by means of at least two structured questionnaires that asked about the date of onset and the nature of the symptoms, including cough with or without paroxysms, whooping, or vomiting. The questionnaires were completed by the childrens' parents. Children who had no sign of cough at the time of sampling and during the follow-up period were considered to be asymptomatic, and all children who had cough at the time of sampling were monitored until the end of the coughing episodes.
Nasopharyngeal swab (calcium alginate) specimens were collected by passing the swabs through the nares into the posterior nasopharynx and rotating the swabs for a few seconds (5). One pernasal swab was obtained from one study subject, and no multiple sampling was performed. After specimen collection, the swabs were immediately streaked onto charcoal agar plates supplemented with cephalexin. In the laboratory, the culture plates were incubated in a humid atmosphere at 35°C and monitored daily for 7 days. Suspected colonies were Gram stained and tested by slide agglutination with antisera to B. pertussis and B. parapertussis (Murex Diagnostics, Dartford, England). In addition to agglutination, pigment formation on tyrosine agar and urease activity were used for identification of B. parapertussis. The identities of the B. pertussis and B. parapertussis strains were confirmed by gas-liquid chromatography. All the swabs were collected and streaked by a physician in our research group, and the counting of the Bordetella colonies on culture plates was performed by an experienced technician.
To assess whether the technique of streaking of the swabs was uniform, two strains each of B. pertussis and B. parapertussis, all recent clinical isolates, were used for the preparation of bacterial suspensions. Bacteria were harvested from the culture plates and were suspended in 3 ml of sterile physiological saline. Serial 10-fold dilutions were made from each of two suspensions. Five swabs (calcium alginate) were placed into each of the dilutions for 2 min, and the swabs were then streaked onto charcoal agar plates without cephalexin. The culture plates were incubated as described above. For B. parapertussis, the colonies on the plates were counted after a 2-day incubation, and for B. pertussis, the colonies on the plates were counted after a 4-day incubation. All cultures were performed by the same technician who had counted the Bordetella colonies on the culture plates containing the clinical swabs.
The Student t test and the Mann-Whitney U test were used for analysis of statistical significance, and the Spearman rank correlation coefficient was used for analysis of correlations.
RESULTS AND DISCUSSION
The mean number of B. pertussis and B. parapertussis colonies recovered from swabs placed in serial 10-fold dilutions is shown in Table 2 . The number of colonies recovered correlated with the concentration of bacterial suspensions in which the swabs were placed (r ϭ 0.994; P Ͻ 0.01). Although the variation in the number of colonies recovered from five swabs placed in a dilution was small, the sampling and streaking from serial dilutions may not necessarily be analogous to sampling and streaking of specimens from the nasopharyngeal mucosa.
For the patients with culture-confirmed Bordetella infections, significantly smaller numbers of colonies were recovered from the nasopharyngeal swabs of the children with asymptomatic infections (mean Ϯ standard deviation [SD], 6.3 Ϯ 3.7 colonies) than from those of the patients with symptomatic infections (44.4 Ϯ 6.7 colonies) (P ϭ 0.004) ( Fig. 1) . For the pertussis patients, the numbers of colonies recovered from the swabs of children with asymptomatic and symptomatic infections were 2.9 Ϯ 2.5 and 56.4 Ϯ 6.1 colonies, respectively, and for the parapertussis patients, the corresponding numbers were 8.8 Ϯ 3.8 and 28.5 Ϯ 7.8 colonies, respectively.
The duration of illness in 40 patients with symptomatic Bor-detella infections correlated positively with age (r ϭ 0.50; P ϭ 0.001; Fig. 2 ). The duration of illness in 26 patients with pertussis tended to correlate with age (r ϭ 0.39; P ϭ 0.052), and the duration of illness in 14 patients with parapertussis correlated with age (r ϭ 0.66; P ϭ 0.010). The mean duration of illness in the pertussis patients (48.6 Ϯ 26.1 days) was longer than that in the parapertussis patients (30.6 Ϯ 25.5 days) (P ϭ 0.042).
No difference in the ages between children who received three and four doses of pertussis vaccine in infancy and the number of colonies recovered from their nasopharyngeal swabs was found. The number of colonies recovered from nasopharyngeal swabs was not associated with the time of sampling at postinfection (P ϭ 1).
Our results indicate that during outbreaks in schools there is considerable variation in the numbers of Bordetella organisms in the respiratory tracts of previously immunized children. Children who remained asymptomatic had significantly smaller numbers of organisms than symptomatic children. Another observation was that when the symptoms evolved, their durations were longer the older the children.
There are two plausible explanations, which are not mutually exclusive, for the small bacterial numbers in the respiratory tracts of the asymptomatic children. First, the number of bacteria infecting these children may have been below the dose capable of causing symptoms, as hypothesized by Fine and Clarkson (4) . Second, the immune defense mechanisms of these children may have limited bacterial growth below the level that causes disease (6, 10, 14) . Moreover, the possible a For all children in schools involved in outbreaks I to IV, nasopharyngeal swabs were available for culture, and for 234 pupils in the school involved in outbreak V, 200 (84%) swabs were available for culture.
b None of the patients harbored both organisms in a specimen. c A 9-year-old girl was symptom-free at the time of sampling and culture positive for B. pertussis, and she developed cough 4 days after the sampling; data for this girl were thus excluded from the analysis. a Five swabs were placed into each of the dilutions for 2 min, removed, and streaked onto charcoal agar plates. The number of colonies on the plates was counted after a 2-day culture of B. parapertussis and after a 4-day culture of B. pertussis. For bacterial concentrations greater than 1.4 ϫ 10 5 for B. pertussis and 4 ϫ 10 4 for B. parapertussis, the numbers of colonies recovered from all the swabs were more than 1,000. inoculum effect might explain, at least in part, the difficulties in studying a correlation between levels of antibodies against Bordetella organisms and protection against clinical disease (1) .
Increasing evidence indicates that the protection offered by pertussis vaccination decreases with time (11, 12) . Jenkinson (11) showed that the efficacy of the British vaccine was complete only for the first year after immunization and then fell gradually, being around 50% by the sixth year (11) . A similar phenomenon has also been observed in Finland (9) . It is therefore interesting to evaluate the specific immune status of these children with culture-confirmed Bordetella infections. During outbreak I (10), 13 children proved to be culture positive for B. pertussis, and they all had symptoms at the time of sampling. The first serum samples from more than two-thirds of the children (9 of 13) had low levels of immunoglobulin G antibodies to pertussis toxin, filamentous hemagglutinin, and pertactin of B. pertussis. However, during this outbreak we found that children with higher levels of antibodies against filamentous hemagglutinin remained healthy, whereas those with lower antibody levels developed the diseases. During outbreak IV (6), 12 children who had high levels of immunoglobulin G antibodies to filamentous hemagglutinin and pertactin of B. pertussis in the first serum samples remained symptom-free. Of the 12 asymptomatic children, half were culture positive for B. parapertussis.
Our results indicate that during outbreaks children who do not develop disease may have small amounts of Bordetella organisms in their nasopharynges and/or better immune defenses against the disease.
